The process of cholestasis in both man and rat leads in the majority of cases to the appearance of a biliary band in the electrophoresis of alkaline phosphatase isoenzymes. In this article, the biochemical nature and mode of formation of the biliary band is discussed, with reference to its appearance in cholestasis and other hepatobiliary diseases.
A considerable amount of the current knowledge concerning cholestasis has been obtained by experiments with bile duct-ligated rats. We will therefore include these experiments in our discussion but not without the warning that extrapolation of the results to the human situation must be considered with appropriate reserve. Some evidence has been gathered indicating that, especially in the formation of biliary alkaline phosphatase, differences may exist between man and rat. These will be discussed later. History Roberts, in 1930 , was the first to report an elevated activity of alkaline phosphatase in human plasma in connection with obstructive jaundice.' Soon afterwards, the so-called 'retention-theory' was postulated, concerning the origin of the elevated enzyme activity. This theory arose from an unfortunate combination of Roberts' observations and the words of Robinson in 1933: 'An increase in plasma alkaline phosphatase is confined almost exclusively to cases of bone disease'r' According to this theory, the elevated serum alkaline phosphatase originated in the bone and accumulated in the blood because the 'normal' secretion route by way of the bile had been blocked.? 4 Yet the idea that this elevated enzyme activity could originate in the liver had already begun to take form in 1933. 5 The retention theory gradually lost its sup- 6 They transfused blood from bile duct-ligated dogs into normal dogs. The high activity of alkaline phosphatase declined only slowly in the recipients. This decreased the credibility of the bile as a normal secretion route. Later, others showed that the enzyme activity was indeed not secreted in the bile." Meanwhile, the idea found acceptance that the elevated activity could originate from the liver and it was shown that this high activity could not be accounted for by the amount of activity present in the liver before cholestasis.
In an attempt to overcome this problem, a theory was put forward about the possible existence of an enzyme-activator in the bile that would increase the activity, but not the quantity of alkaline phosphatase. K This theory was to be rejected later, but by 1950 Burke had proposed a de novo synthesis of alkaline phosphatase by the regenerating liver. 9 Nine years later it was Gutman, paradoxically one of the main advocates of the retention theory, who proposed a mechanism that described how the elevated activity of alkaline phosphatase could reach the circulation. J() According to this 'regurgitation-theory', that holds until the present, the enzyme activity reaches the circulation by regurgitation of bile to the sinusoids. This could take place either by a transcellular route (via endocytosis of the canalicular membrane followed by exocytosis at the sinusoidal membrane) or by a paracellular route (via leakage through the tight junctions). The "latter mechanism seems to be the most likely at present. A report of an elaborate study by De Broe et ai. 93 has been published recently which demonstrates that at least part of the high molecular weight alkaline phosphatase in human plasma is of sinusoidal origin.
Cholestatic alkaline phosphatase
NOMENCLATURE AND ELECTROPHORETIC BEHAVIOUR Cholestasis, either intrahepatic or extrahepatic, gives rise to the appearance of a new form of alkaline phosphatase in the circulation. This form cannot strictly be termed an isoenzyme because this name has been reserved for genetically determined differences in primary structure. The cholestatic form on the contrary exists as a complex of several components with the normal isoenzyme from the liver.
A considerable number of names have been proposed for the comglex found in cholestasis: cholestatic.!' biliary, 2 pathological biliary, 13 high-molecular-rnass.l" particulate.P Rvtype.!" koinoenzyme;" origin;'! stationary, 17 slow liver,18 fast liver,19 liver-2,2°ul-isoenzyme21 and 'pathological biliary' isoenzyme (API V p). 22 It will be obvious that it is time to standardise terminology.
Nomenclature based on the high molecular weight could lead to confusion with the complexes of alkaline phosphatase and immunoglobulins.P 24 Terminology based on electrophoretic mobility is confusing because the complex displays different mobility depending on the gel type and even on the commercial source of the gel. It stays at the origin in polyacrylamide and starch gels, it migrates immediately behind the normal liver band in agarose gel and ahead of it in most types of cellulose acetate.f whereas it is the slowest migrating band in Millipore cellulose acetate membranes."
A proposal has been issued by Siede and Seiffert to call the cholestatic complex 'alkaline phosphatase-lipoprotein-X complex' and to reserve the name 'membrane particle alkaline phosphatase' for a high molecular weight complex without lipoprotein-X that is seen in hepatic malignancies.f" OCCURRENCE The finding of a biliary band in the electrophoresis of alkaline phosphatase isoenzymes is of great value for the diagnosis of cholestasis. This band is found in over 90% of cases of proven cholestasis, e.g. 90%, n=123;22 91%, n=43;15 94%, n=31 ; 27 99% , n=60 28 and 100%, n= 18. 11 Care must be taken not to confuse this pathological biliary band with an alkaline phosphatase of high molecular weight that can be found in the plasma of some normal individuals. This form, which has been called 'physiological biliary alkaline phosphatase' by Siede and Seiffert, has an activity in individuals with blood group B or a that is about four times higher than in individuals with blood group A or AB. It is resistant to neuraminidase treatment and accounts for only 2% of the total serum alkaline phosphatase activity. 10 The cholestatic form of alkaline phosphatase has a number of interesting molecular properties. First there is the high molecular weight, as determined by~I filtration: greater than 669 ooo,34 800 ooo. 10 11, 14. 27, 34, 40 Lipoprotein-X is a complex that is formed in serum as a result of regurgitation of the bile (e.g. in cholestasis)." Its composition has been reported as follows: 66% phospholipids, 22% non-esterified cholesterol and 6% protein, of which 60% consists of apolipoprotein-C and 40% of albumin. 42 -44 The remaining 6% is composed of esterified cholesterol, triglycerides and 2-3% ?ile salts, .of which the hepatotoxic lithocholate IS the main component." The electrophoretic (agar-agarose) mobility of the complex towards the anode is inversely proportional to its content of lipoprotein-X. This creates the possibility that in an unfavourable situation the complex is masked by the normal liver band.t" It has also been found that during the course of disease the band can shift in position from anodic to cathodic. A reduction in molecular weight can be brought about by treating the complex with butanol, II. 27. 46 Triton X-100 35 • 37 or bile salts." In the butanol extract phosphatidyl choline is found. 3b After butanol extraction, the electrophoretic mobility corresponds to that of the normal liver isoenzyme and the resistance to neuraminidase treatment disappears. Additionally, Crofton and Smith have shown that both the high and low molecular forms in plasma and bile share such properties as activation by magnesium ions, inhibition by nickel and zinc ions, inhibition by hornoarginine and urea and have indistinguishable kinetic properties. 38 The high molecular weight complexes that are formed in cholestasis can be divided into two groups: complexes of membrane enzymes and alkaline phosphatase with lipoprotein-X (forming the main group) and complexes of membrane enzymes and alkaline phosphatase without lipoprotein-X. IS, lb. 39 The latter are seen frequently in hepatic malignancy in contrast to the former that are detected with high frequency in cholestasis (greater than 90%, vide supra). This frequency is comparable with that of lipoprotein-X in cholestasis (95·9%, n= 123),22 but lipoprotein-X is also seen in cases without cholestasis (26·4%, n= 110). However, Iipoprotein-X was not complexed with alkaline phosphatase in any of the cases without cholestasis (0%, n= 110). Thus, the complex of alkaline phosphatase and lipoprotein-X has a high specificity for cholestasis, although the percentages mentioned above may be somewhat enhanced by special selection of patients.F Brocklehurst et al. have tried to unite the different observations in one theory. 15 They propose that lipoprotein-X, which formed in plasma as a result of cholestasis, combines with alkaline phosphatase derived from the sinusoidal or the canalicular membrane. The complex without Iipoprotein-X according to them, would be formed from fragments of the hepatocytes' sinusoidal membrane. The latter would occur mainly in processes with an increased proliferation of cells and a fast turnover of plasma membrane, like myeloproliferative diseases, and primary and secondary liver tumours. Of course, both mechanisms may operate at the same time, giving rise to the appearance of several biliary bands.
Normal physiology
Before taking a closer look at the process of generation of the cholestatic alkaline phospha-
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tase, we will first give a description of the normal physiology. Alkaline phosphatase in the liver of the rat is localised mainly in the canalicular membrane of the hepatocytes.P'r'" In the human liver it is found in the endothelial cells around the portal and central veins as well as in the sinusoids around the central veins and sometimes focally around the bile canaliculi.b4
The bile of the rat is composed, with respect to bile salts, mainly of taurocholate with some glycocholate and trihydroxy bile salts. All of these are found in mixed micelles with phosphatidyl choline and cholesterol. 65 The concentration of bile salts is approximately 20 mM. b5 The activity of alkaline phosphatase may vary from tens to thousands of units per litre.'
Human bile consists of cholate and chenodeoxycholate in a ratio of 2:1,b6 each conjugated with glycine or taurine in a ratio of 3:1. 46 Deoxycholate and lithocholate are present in small amounts and are formed in the intestine by bacterial modification of the primary bile salts. They reach the bile via the enterohepatic circulation. The concentration of bile salts has been reported to be 5-20 mM 37 • er The bile salt concentration in human serum has been reported to be 2·5 ug/rnl, (n=9) with a cholate/ chenodeoxycholate ratio of O· 77. 68 The activity of alkaline phosphatase is again variable: 75-1150 international units per Iitre.:" Part of this consists of endocytosed and subsequently secreted intestinal isoenzyme. 69 The alkaline phosphatase in bile is present in a high molecular weight, sedimentible form and in a low molecular weight, soluble form (mol. wt. about 2x 10 5 daltons) comparable with the normal liver isoenzyme. Gel filtration of human bile with increasing, but still physiological, concentrations of bile salts in the elution buffer, shows that the high molecular form is converted to an intermediate form (mol. wt. about 2·9x 10 5 daltons) that is soluble and aggregates at low concentrations of bile salts. The authors propose that the enzyme possesses a hydrophobic domain by which it is normally bound to the membrane. This would explain why aggregation to high molecular weight complexes occurs in the absence of bile salts. 37 This is also consistent with the observation of others who found, working with rat hepatocytes, that at low concentrations of bile salts the plasma membrane enzymes are released predominantly in a sedimentable form, whereas at higher concentrations they were released in a soluble form because the adjacent membrane phospholipids are taken up in mixed micelles with bile salts. 65, 70, 71 Also, it explains the 'particle-like' character of alkaline phosphatase in the serum of cholestatic patients, 16, 17 Generation A fair part of the current knowledge about cholestasis has been gathered by experiments with bile duct-ligated rats, For example, Toda et at. calculated that the rise of alkaline phosphatase in the serum of cholestatic rats is too great to be accounted for by obstruction of the normal rate of secretion of the enzyme into bile. 47 Many others had already reported that bile salts stimulated de novo synthesis of alkaline phosphatase.t't" This synthesis as well as the rise of enzyme activity in serum can be blocked b~inhibiting adenylate cyclase;" RNA synthesis" or protein synthesis. 47 , 48 Cyclic AMP has been proposed as a mediator of this synthesis. 49. 56 Also, in related experiments with prairie-dogs to which a diet rich in cholesterol was given, the synthesis of mucus glycoproteins in the gall bladder could be blocked by inhibiting the synthesis of prostaglandins. 57 In this context, it is interesting to consider the rise of alkaline phosphatase activity that is induced by steroid hormones.P" The bile salts, by their close similarity to steroid hormones, may in the same way give rise to an elevated level of cyclic AMP and protein synthesis, Itwas shown by Kaplan and Righetti,4H that the rise of alkaline phosphatase activity in the liver of bile duct-ligated rats could be inhibited by 98% and in the serum by 80% by preadministration of cycloheximide (an inhibitor of proteins~nthesis), However, Simon and Sutherland, 9 found that the alkaline phosphatase activity at the liver plasma membrane had doubled 16 h after oral administration to rats of cholate (a bile salt) and cycloheximide without any increase in plasma activity. This enhancement was comparable to the rise in liver without adding cycloheximide. These observations have not been confirmed to our knowledge, A possible explanation could be an enhanced incorporation of intracellular alkaline phosphatase in the sinusoidal membrane stimulated by loss of membrane that is, in turn, caused by endocytosis of cholate from the circulation, 59, 60 TIME COURSE
The bile salt concentration in rat plasma begins to rise after the bile ducts have been ligated (a 20-fold rise within the first 4 h, from 30 f..lM to 600 IlM. 72 Cholestatic concentrations of 200-1000 IlM have been observed in both man and rat.?" The plasma phosphatidyl choline concentration shows a less pronounced response (a rise of 10% in the first 4 h). The fastest reaction is shown by the cyclic AMP content of rat liver: a rise was detectable within 3 min. 49 The increase in the activity of liver alkaline phosphatase is detectable after 2 h 50 and the level reaches a maximum after 24 h. 49, 51 The synthesis of new alkaline phosphatase after 12 h takes place at a rate that is four times the normal rate.i" Eighteen hours after ligation only high molecular weight alkaline phosphatase can be found in the bile of rats, 47 The enzyme activity of the liver may increase from 4 to 15-fold. 49, 50, 52. 53. 73 Twenty-four hours after ligation the number of canalicular-sinusoidal connections is increased.I"?" the bile canaliculi are distended?': 77, 7H and the alkaline phosphatase activity of the canalicular membrane is increased markedly."!' 63. 65. 7H However, it must be mentioned that no alkaline phosphatase activity can be detected on areas of the membrane that lack microvilli."! Serum alkaline phosphatase activity reaches a peak after 24 h whereas the liver plasma membrane activity reaches a maximum after 72 h. 47,61 The increase in activity occurs first in the canalicular, then in the lateral and finally in the sinusoidal regions of the membrane.?': 79 After 24 h, the activity in the canalicular membrane begins to decrease.V: 73 The serum activity also falls and the high molecular weight complex disappears.Y These observations can be considered in connection with the decrease in the number of microvilli and with the fact that alkaline phosphatase is only present on these microvilli (vide supra). Prolongation of cholestasis eventually leads to liver cirrhosis. HO The increase of cholestatic alkaline phosphatase activity in man manifests itself earlier and is more pronounced at the sinusoidal membrane than at the canalicular membrane, H1 In relation to this, it has been observed that the activity in the sinusoidal membrane increases in acute bile duct obstruction, whereas that in the canalicular membrane increases in chronic bile duct obstruction.V In both acute and chronic hepatitis and in cirrhosis an increase of sinusoidal activity is the main finding. In malignant tumours, with or without involvement of the liver, a pronounced canalicular activity was found.P': H3, H4 The latter conflicts with the theory of Brocklehurst (vide supra), who attri-buted the major role in the generation of the alkaline phosphatase complex in malignancies to the sinusoidal membrane.P
The observations in human cholestasis seem to differ from the results of experiments with rats. However, the possibility still exists that the mechanism of increase in the rat is analogous to that of man. 59. 85 
INFLUENCE OF BILE SALTS
It has been known for some time that bile salts accumulate in the liver in caolestasis." These bile salts possess, by way of their detergent action, potential membrane-damaging properties. Coleman and others have shown that the membrane-damaging properties of a given bile salt are inversely prof.ortional to its number of hydroxyl groupS.65. 6 • 87 Thus, the trihydroxy bile salt, taurocholate, did not release membrane enzymes from isolated rat hepatocytes up to a concentration of 1500 IlM, whereas the dihydroxy bile salts, deoxycholate and chenodeoxycholate, did when present in concentr~ tions higher than 500 IlM. The hepatotoxic monohydroxy bile salt, taurolithocholate, caused membrane damage in concentrations exceeding 30 IlM,RR but taurodehydrocholate, which cannot form micelles, failed to release membrane enzymes.f" Not only the number of hydroxyl groups plays a role in~em~rane damaging properties, but also the onentation of these groups, as well as detoxification by conjugation with taurine or glycine.?"
Another important feature, which may prove of diagnostic value, is the serum cholate/ chenodeoxycholate ratio. This is less than one in normal individuals (vide supra) but rises to 1·6 and 1·7 in acute hepatitis and extrahepatic cholestasis, respectively.P" It is supposed that, in the normal liver, membrane fragments are continuously solubilised and that the integrity of the canalicular membrane is maintained by continuous repair." In this context, it is int.eresting to~?te the difference in phospholipid composition between the sinusoidal and canalicular membranes of rat liver. The latter has a higher content of sphingomyelin and thus is thought to have a higher resistance to the action of bile salts. 65 . 67. 91 Also, differences between the basolateral and the canalicular membrane have been observed. The latter has a two-fold higher content of sphingomyelin, cholesterol and sialic acids, which may reflect a considerable difference in the surface charge density displayed in vivo. 92 
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Conclusions
In conclusion, it can be said that the high molecular weight forms of alkaline phosp~a!ase in hepato-biliary diseases can be subdivided into two groups: complexes with and comp~exes without lipoprotein-X. The former are highly indicative for cholestasis, whereas the latter seem to point to the existence of more serious membrane damage, as in hepatic malignancies.
The de novo synthesis of alkaline phosphatase stimulated by bile salts plays an important role in the increase of alkaline phosphatase activity in plasma of the cholestatic rat. Both the high molecular weight form and the norm~l liver isoenzyme account for this increase. It IS unlikely that the latter originates from the bile; most probably it stems from the sinusoidal membrane.
The newly synthesised alkaline phosphatase reaches the canalicular membrane, is released into the bile by the solubilising action of the bile salts, and eventually reaches the circulation by way of regurgitation. Part of the enzyme activity in bile is present as high molecular weight material, part as an intermediate form and a small part as the normal liver isoenzyme. It has been shown that both the size and composition of alkaline phosphatase com~lexes from bile are highly dependent on their environment and on bile salt concentration in particular. Thus, any extrapolation of in vitro experiments to the physiological situation needs to be made with caution.
Too little evidence has been gathered concerning the mechanism of the enzyme increase in human liver to make definite statements. It seems likely that the sinusoidal membrane plays an important role in this increase, contrary to the situation in the rat. Furthermore, it is also likely that bile salt composition and concentration in serum are the major determinants of the increase in alkaline phosphatase activity.
It will be clear that many questions remain unanswered, e.g. the mechanism of induction of enzyme synthesis. However, the presence of a complex of alkaline phosphatase and lipoprotein-X is a strong indication of chol~ stasis and as such plays an important role In clinical diagnosis. Therefore, we wish to express our hopes that in future more research will be dedicated to this interesting variant of the liver alkaline phosphatase.
